We analysed 20 allozyme and 22 putative random amplified polymorphic DNA (RAPD) loci in two populations of Pinus sylvestris (L.) from northern Sweden. Genotypes for individual allozyme and RAPD loci were inferred from segregation patterns in haploid macrogametophytes. Therefore, it was possible to distinguish between homo-and heterozygotes carrying a RAPD fragment and to estimate directly the frequencies of RAPD fragments. The percentage of polymorphic loci and the expected and observed heterozygosity were lower for allozymes than for RAPDs. Average fixation indices for both types of markers were negative indicating a heterozygote excess over panmictic expectations. The apportionment of genetic variation within and among the investigated populations was similar for allozymes and RAPDs and showed that most of the variation resided within populations. RAPD genotypes inferred from haploid material were subsequently converted to diploid phenotypes and used to estimate indirectly the frequencies of RAPD fragments. Gene diversity measurements derived from indirectly estimated RAPD frequencies were distinctly lower than those based on directly estimated RAPD frequencies. This result was caused by the absence of the null homozygote at many loci which appeared as monomorphic in the diploid data set. Population differentiation coefficients based on the indirectly estimated RAPD frequencies were not concordant with those based on directly estimated RAPD frequencies. Our present results indicate that when complete genotype information can be obtained, RAPD analysis provides genetic information similar to that revealed by analysis of allozyme variation. On the other hand, our results are concordant with theoretical results suggesting that analysis of RAPD variation in diploid material can produce unreliable estimates of population-genetic parameters.
Introduction
The random amplified polymorphic DNA (RAPD) technique (Williams et al., 1990; Welsh & McClelland, 1990 ) is an increasingly popular tool in genetic studies. Unfortunately, population analysis with RAPD data is hampered by the generally dominant character of RAPD variation which precludes zygosity inference and direct estimation of allele frequencies. As noted by Lynch & Milligan (1994) , this enhances the sampling variance associated with individual loci as well as inducing bias in estimation of population-genetic parameters.
When only diploid material is available for analy- the frequency of null homozygotes (Clark & Lanigan, 1993; Liu & Fumier, 1993; Lynch & Milligan, 1994) . In this approach it is assumed that the population under study is in a Hardy-Weinberg equilibrium (HWE). When data for codominant markers are available, the estimated RAPD allele frequency can be corrected for potential deviations from HWE (Chong et a!., 1994) . Studies employing allozymes suggest that wind-pollinated conifers, including Pinus sylvestris (L.), generally show only modest departures from HWE for this type of marker (Szmidt & Muona, 1985; Plessas & Strauss, 1986) . This suggests that the same may be true for RAPD markers (Wu et al., 1995) . To our knowledge,
this suggestion has never been tested empirically. Likewise, there have been no attempts to estimate population-genetic parameters using RAPD frequencies derived from complete genotype information. Conifers are particularly well suited to this purpose, because such information can be obtained by the analysis of segregation of RAPD fragments in haploid macrogametophytes.
Another issue addressed in several recent studies on RAPD variation is the relative merit of RAPD data as compared to other types of genetic markers such as allozymes and RFLPs (Liu & Fumier, 1993; Chong et a!., 1994; Thormann et a!., 1994; Wu et a!., 1995) . For instance, it has been suggested that RAPDs may be more useful for detecting population differentiation than allozymes (Wu et a!., 1995) . Without complete genotype information, it is difficult to evaluate these merits properly.
In the present study, we analysed allozyme and RAPD variation in haploid macrogametophytes for the same set of individuals from two populations of I? sylvestris. Our objective was to determine the relative merits of RAPD markers for population-genetic studies. In particular, we were interested in the following questions: (i) is the HWE assumption appropriate for RAPD markers; (ii) are the population-genetic parameters based on RAPD frequencies inferred from haploid and diploid material concordant; and (iii) do RAPDs provide reliable indices of population differentiation?
Materials and methods

Plant material
Half-sib seed samples were collected in northern Sweden from two populations of P sylvestris, in Svartberget and Korpilombolo. Twenty trees were sampled from each population. To determine the genotype of individual trees, allozyme and RAPD segregation patterns were analysed in eight single macrogametophytes for each of the 40 trees. Assuming a Mendelian 1:1 segregation, such a sample size is sufficient for the detection of heterozygotes with 99.2 per cent probability (Morris & Spieth, 1978) .
Aiozyme and DNA analysis
Nine enzyme systems encoded by 20 loci were analysed. Isoenzyme extraction, separation and staining procedures were as described previously (Szmidt, 1984 and references therein) . Total DNA from individual macrogametophytes was extracted as
The Genetical Society of Great Britain, Heredity, 76, 412-420. described by Doyle & Doyle (1990) and suspended in TE buffer (10 mrvi Tris-HC1, 0.1 mti EDTA, pH 7.5). The PCR reaction and amplification conditions were as described previously (Lu et a!., 1995) .
Amplification was carried out using a programmable thermocycler (PTC100; MJ Research Inc.). Two random primers (OPA9 and OPA1O) were screened in each of the 40 half-sib samples. The primers were purchased from Operon Technologies (Alameda, CA, USA). The amplification products were separated in 1.4 per cent agarose gel in 0.5 x TBE buffer (0.045 M Tris-borate, 0.001 M EDTA, pH 8.0). The banding patterns were visualized under UV light and phOtographed using a Polaroid camera. The DNA standard was a 1 kb ladder (BRL). Sizes of the amplified fragments were estimated using the algorithm developed by Schaffer & Sederoff (1981) . The reproducibility of the amplification products was tested twice for each sample and primer.
Data scoring and analysis Amplified fragments, named by the primer used and the molecular weight in base pairs (bp), were scored as presence (A) or absence (a) of a fragment as described by Lu et a!. (1995) . In haploid macrogametophytes of P sylvestris most RAPD fragments segregate in proportions expected for a dominant Mendelian trait and can be regarded as separate gene loci (Lu et al., 1995) . The allozyme and RAPD genotypes inferred from haploid macrogametophytes were used for direct estimation of corresponding allele frequencies (hereafter referred to as direct frequencies).
Our previous study has demonstrated that genotypes for individual RAPD loci inferred from haploid macrogametophytes are generally concordant with the corresponding diploid phenotypes expected for a dominant marker (Lu et al., 1995) . Therefore, to calculate RAPD frequencies for diploid material, genotypes inferred from haploid macrogametophytes were converted to diploid phenotypes assuming dominance. Thus all AA homozygotes and Aa heterozygotes were scored as individuals with a fragment whereas the aa homozygotes were scored as individuals without a fragment. This set of diploid data was then used to estimate RAPD frequencies indirectly (hereafter referred to as indirect frequencies), as described by Lynch & Milligan (1994) .
Statistical methods
The observed allozyme and RAPD frequencies, as well as indirect RAPD frequencies, were used for estimation of the following gene diversity parameters: percentage of polymorphic loci (P), unbiased expected heterozygosity (HE), observed heterozygosity (H0) and unbiased genetic distance (D) (Nei, 1987) . Observed heterozygosities were corrected for macrogametophyte sampling (Morris & Spieth, 1978) . Fixation indices (F) were computed as described by Curie-Cohen (1982) . f-tests were used to examine conformance of F estimates to Hardy-Weinberg expectations. H0 and F could be calculated only for allozymes and the direct RAPDs.
Calculations were made using release 1.7 of the BIOSYS-1 program (Swofford & Selander, 1981) .
Coefficients of gene differentiation (GST) (Nei, 1987) were calculated using allozyme and putative RAPD loci that were polymorphic in at least one population. A locus was considered polymorphic when the frequency of the most common allele did not exceed 0.95. To limit the sampling bias resulting from the dominant character of RAPDs, Lynch & Milligan (1994) have recommended the restriction of RAPD analyses to loci for which the null homozygote frequency is more than 3/N, where N is the number of individuals sampled in a population. With the sample size of 20 used in the present study this restriction applied to null homozygotes whose incidence was above 0.15. Therefore, genetic parameters based on indirect and direct RAPDs were also calculated for only those loci that satisfied this restriction.
Results excess was more pronounced for RAPDs than for allozymes.
Three RAPD loci (OPA9-340, OPA9-400 and OPA1O-1300) showed a statistically significant (P <0.05) excess of heterozygotes in the Svartberget population. In the Korpilombolo population, this excess was significant at two loci (OPA9-450 and OPA1O-1250). There was much variation among allozyme loci with respect to the F estimates. On the other hand, F estimates for RAPDs were more uniform among loci (Table 3 ).
The genetic distance separating the Svartberget and Korpilombolo populations was low for allo-
Aflozymes vs. direct RAPDs
The two primers used in the present study revealed 22 reproducible RAPD loci. The size of fragments amplified by these primers ranged from 0.23-1.4 kb.
An example of the RAPD profiles generated by the primers used in this study is presented in Fig. 1 . Of the 20 allozyme and 22 putative RAPD loci examined, 16 and 21 loci, respectively, were polymorphic in at least one population. Fourteen allozyme loci were polymorphic in each of the two analysed populations. Twenty putative RAPD loci were polymorphic in the Svartberget population and 19 loci were polymorphic in the Korpilombolo population (Table  1) . The mean variability measures (1 HE and H0) for allozymes were lower than similar measures for RAPDs (Table 2) .
Average fixation indices for allozyme and RAPD markers were negative indicating heterozygote excess over panmictic expectations (Table 3 ). This The null homozygote was absent at 10 RAPD loci markers were similar and showed that most of the identified in this study (data not shown). Consevariation resided within populations (Table 4) .
quently, only 12 of the 22 putative RAPD loci remained polymorphic (0.95 criterion) following conversion of the RAPD genotypes inferred from haploid macrogametophytes to diploid phenotypes (Table 1) . The P and HE estimates derived from indirect RAPD frequencies at these loci were lower than those based on the direct RAPDs (Table 2 ). In the diploid data set, the frequency of null homozygotes was above 0.15 for only six loci (data not shown). The measures of intrapopulation diversity based on the indirect RAPD frequencies for these six loci were much higher than similar measures based on the direct RAPD frequencies ( Table 2 ).
The estimates of population differentiation based on the indirect frequencies for polymorphic RAPD loci were different from those based on the direct RAPD frequencies. The genetic distance between the Svartberget and Korpilombolo populations (D = 0.019) was several times greater than distance coefficients based on the direct RAPD frequencies. The average GST for indirect RAPD frequencies was
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OPA9-700, OPA9-800, OPA1O-1200 and OPA1O-1300. Two of these loci (OPA9-800 and OPA1O-1200) showed true differences between the Svartberget and Korpilombolo populations (Table  4) . However, the other two loci had a much lower GST for the direct than for the indirect RAPDs (Table 4) . This discrepancy was caused by the absence of the null homozygote at the OPA1O-1300 locus in the Svartberget population, and at the OPA9-700, OPA9-800 and OPA1O-1200 loci in the Korpilombolo population (data not shown). Consequently, in the diploid data set the Svartberget population becomes fixed for the presence of the OPA1O-1300 fragment and the Korpilombolo population becomes fixed for the presence of the fragments at OPA9-700, OPA9-800 and OPA1O-1200 loci. When analysis of population differentiation was based on six loci that satisfied the 0.15 restriction, the D and GST coefficients were low (0.001 and 0.013, respectively).
Based on the multilocus allozyme genotypes it was possible to discriminate between all individuals from the Svartberget and Korpilombolo populations. The same was true for the RAPD multilocus genotypes inferred from analysis of macrogametophytes. Based on the diploid RAPD phenotypes it was still possible to discriminate between 95 per cent of the investigated individuals (data not shown).
Discussion
Al/ozymes vs. direct RAPDs
Earlier studies have suggested that RAPD analysis usually reveals a high number of polymorphic loci (Carlson et al., 1991; Bucci & Menozzi, 1993; Nelson et a!., 1994; Lu et al., 1995) . Our present results are concordant with these suggestions. Although only two primers were employed in the present analysis, as many as 22 putative RAPD loci could be identified.
The present analysis of RAPD variation in haploid macrogametophytes provides the first direct estimates of population-genetic parameters based on this new type of marker. In plants, RAPDs generally show similar or higher levels of polymorphism than other types of markers (Liu & Fumier, 1993; Chong et al., 1994; Wu et al., 1995) . Our present measurements of genetic variability based on the direct RAPD frequencies are concordant with these results. All but one putative RAPD loci identified in the present study were polymorphic (0.95 criterion) and produced higher measures of gene diversity than allozymes. This result can be explained by more random and efficient genome sampling by RAPDs than by allozymes which are restricted to genes coding for proteins. The RAPD distance and GST coefficients for the investigated populations were low and comparable to similar measures for P sylvestris populations from Scandinavia based on allozymes (Szmidt & Muona, 1985; Szmidt & Wang, 1993 ; this study). Low levels of population differentiation for both types of markers found in this study can be explained by unrestricted gene flow among populations and the relatively recent history of P sylvestris in Scandinavia.
It has been suggested that because of the generally neutral character of allozyme and RAPD markers potential deviations from HWE should affect both types of markers in a similar way (Chong et al., 1994) . Results of the present study provide the first empirical evidence for this suggestion. Fixation indices for both allozyme and RAPD loci were negative, indicating an excess of heterozygotes over panmictic expectations. In conifers, inbred individuals commonly express inbreeding depression and are removed from a population during the early stages of life (Eriksson et at., 1973) . The material analysed in this study came from two mature stands of P sylvestris. Selection against the more homozygous, relatively inbred individuals was the likely cause of the negative fixation indices observed in this and other studies (e.g Szmidt & Muona, 1985; Plessas & Strauss, 1986; Kärkkäinen & Savolainen, 1993) . It thus appears that when complete genotype information is available, analysis of RAPD variation yields population genetic parameters that are comparable to those based on allozymes. Nearly all individuals analysed in this study could be distinguished by RAPD profiles generated with only two primers. This confirms the usefulness of RAPD markers for fingerprinting purposes suggested in many previous studies (e.g. Koller et at., 1993; Keil & Griffin, 1994) .
Direct vs. indirect RAPDs
Theoretical studies suggest that the usefulness of RAPDs is limited when only diploid material is available (Clark & Lanigan, 1993; Lynch & Milligan, 1994) . Our present results provide the first empirical information on this subject. Dominance is widely observed for RAPD fragments in P sylvestris and other forest conifers (Carlson et al., 1991; Bucci & Menozzi, 1993; Lu et al., 1995) . Because of this property of RAPDs, gene frequency estimates for such loci derived from diploid material are less accurate than those obtained with codominant markers. When only diploid material is available and the null homozygote is not detected, a locus is scored as fixed for the fragment presence. As demonstrated by Lynch & Milligan (1994) the bias in the estimation of the null-allele frequency because of small sample size can be substantial when the null homozygote is rare. Our results revealed that in the diploid data set, 10 of the 21 polymorphic RAPD loci appeared as fixed for the fragment presence because of the absence of null homozygotes. Consequently, intrapopulational diversity parameters derived from the indirect RAPD frequency were much lower than similar parameters derived from complete genotype information. Statistical methods to analyse population differentiation using RAPD data include the assumption that the genotype frequencies are in
